Abstract Fly ash is an industrial waste created when coal is burned to generate electrical power. In the present study, we used low-energy nitrogen ion implantation on fly ash to improve its surface properties. Scanning electron microscope (SEM), fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and inductively coupled plasma-atomic emission spectroscopy (ICP-AES) were used to study the changes of physical and chemical properties of fly ash after N + ion implantation, and the mechanism of fly ash modified by ion implantation. In the optimal implantation with energy of 5 keV and dose of 15D0, the ion beam could effectively increase the specific surface area (approximately 150% increase) of the fly ash. Lots of scratches were generated in the surface of the fly ash after N + ion implantation, therefore it is good for enhancing the specific surface area. Experimental results show that the ion implantation could open the chemical bonds of Si-O, Si-Al and Al-O, and deposit nitrogen ions on the surface of fly ash.
Introduction
Fly ash is finely divided mineral residue from the electric power plant and one of the larger discharge amounts of solid wastes. Fly ash consists of silica, alumina, iron oxide, lime, magnesia, magnesium and some unburnt activated carbon. Its chemical components vary but usually include oxides of silicon (SiO 2 ), aluminum (Al 2 O 3 ), iron, and calcium (CaO) [1∼3] . Fly ash is an efficient absorbent for water treatment since it is widely available [4, 5] . In recent years, the recycling of fly ash has become an increasing concern due to increasing landfill costs and current interest in sustainable development. Fly ash materials as a waste byproduct present a serious ecological problem associated with their storage and disposal. There is an urgent need to adopt technologies for gainful utilization and safe management of fly ash [6, 7] . Although fly ash is effectively used for building materials and soil amendments [8∼10] , a large amount of fly ash is not yet in effective reuse. The surface properties of fly ash limit its application to water treatment and other areas.
Ion implantation is a materials' engineering process by which ions of a material are accelerated in an electrical field and impacted into a solid. Low energy ion implantation has attracted many researchers for its unique characteristics. It not only improves physical-chemical properties but also ameliorates surface characteristics and functions [11∼14] . Ion implantation can improve and bring superior properties, such as chemical properties, morphology of materials, high hardness, adsorption capacity, resistance to corrosion and other physical characteristics. In this article, with the aid of low energy ion beam implantation, the fly ash has been etched and modified, and optimized implantation parameters were determined. After ion implantation, the surface area, morphology and chemical properties of fly ash were improved obviously. On the other hand, the micro-change of modified fly ash and its mechanism of modification were studied, all of which serve to provide experimental data and a theoretical foundation for improving the utilization efficiency of fly ash.
Materials and methods

Fly ash preparation
The fly ash used in this study was obtained from Hefei power plant with a particle size ≤0.075 mm (200 meshes). Distilled water was used to immobilize fly ash in the glass culture dishes, and then it was dried to form a thin layer. The glass culture dishes covered with fly ash were prepared for the next step of treatment and analysis.
Nitrogen ion implantation
Nitrogen (N + ) ions were produced by the ASIPP's ion beam bioengineering instrument as shown in Fig. 1 .
The ion beam bombardment facility (LEIBBF) comprises a double Penning ion source plasma generator, a vacuum system, a vertical beam line, two target chambers, and control systems. Ion beams of gases such as H, He, Ar, and N, were produced by a heated cathode, double Penning ion source [15] . For ion implantation, the pulse implantation technique was used with a pulse time of 10 s. In this experiment, we used three kinds of energy, 5 keV, 10 keV and 15 keV, and each energy received six dose implantations 5D 0 , 10D 0 , 15D 0 , 20D 0 , 25D 0 , 30D 0 . In each pulse, the implantation dose was D 0 =2.5×10
15 ions·cm −2 . The glass culture dishes covered with fly ash were placed on a rotating wheel for loading samples, as shown in Fig. 1 [16, 17] . The sample chamber was kept at vacuum with pressure between 10 −3 Pa and 10 −4 Pa. 
BET analysis
The surface areas of fly ash and irradiated fly ash were identified using Accelerated Surface Area and Porosimetry (ASAP 2020, America). Prior to each measurement the samples were degassed at 353 K for 24 h. The surface area (S BET ) was determined using multipoint BET (Brunauere-Emmette-Teller) method.
SEM analysis
Scanning electron microscopy (SEM) (FEI-Sirion 200, USA) was used to observe the morphology of fly ash and irradiated fly ash. Dried samples were mounted on copper stubs, sputter-coated with gold-palladium. The morphology of samples was observed at 5 kV.
ICP-AES analysis
Irradiated fly ash was scraped from the glass culture dish, and then pre-treated with wet acid digestion. Inductively Coupled Plasma-Atomic Emission Spectrometry (Thermo Fisher Scientific-ICP 6300, USA) was used to investigate the element changes in fly ash after implantation.
SEM-EDS spectrum analysis
Dried fly ash was mounted on copper stubs, scanning electron microscopy (SEM) (FEI-Sirion 200, USA) was used to observe SEM-EDS spectrum of fly ash and nonspherical impurities.
FTIR analysis
The FTIR (Fourier transform-infrared) spectrometer (Alpha-T, Bruker) was used to analyze fly ash and irradiated fly ash. The samples were prepared for analysis by mixing approximately 350 mg of KBr with about 1 mg of the material and then compressing the mixture to pellets.
XPS analysis
Fly ash and irradiated fly ash were mounted on sheet glass (4×4 cm). X-ray Photoelectron Spectroscopy (ESCALAB 250, USA) was used to analyze fly ash and irradiated fly ash.
3 Results and discussion
The optimal dose and energy of N + ion implantation
As shown in Fig. 2 , the optimal dose of N + ion implantation was 15D 0 at the energy of 5 keV, and the surface area of irradiated fly ash increased from 0.3693 m 2 /g to 0.9438 m 2 /g. After implantation at the energy of 10 keV the specific surface area of fly ash had a trend similar to that in the case of 5 keV, e.g. it had an increase of 150% at the optimal dose of 15D 0 . At the energy of 15 keV, the surface area of fly ash did not change obviously with the dose of N + ion implantation. Thus 15D 0 was considered the optimal dose for N + ion implantation. However, the surface area of fly ash was negatively correlated with the energy of the implanted ions. Therefore the optimal energy of N + ion implantation was 5 keV. The increase of specific surface area could boost the utilization of fly ash in water treatment or agricultural purposes. The fly ash with larger specific surface area could improve the bulk density, porosity, fertilizer holding capacity and water holding capacity of soil. Fly ash with larger specific surface area is an efficient substrate in wastewater treatment for the absorption of heavy metals and dyes.
Micro-morphology observation
As shown in Fig. 3a , there were a lot of non-spherical impurities between the fly ash spheres. Fly ash was comprised mainly of amorphous aluminosilicate spheres and a smaller amount of iron-rich spheres. They are some non-spherical impurities between the fly ash spheres, such as unfused detrital minerals, irregularspongy particles and vesicular colorless glass [18] . After implantation, the impurities were reduced obviously between fly ash spheres, as shown in Fig. 3b . Fly ash has been purified after ion beam bombardment and becomes more dispersed. N + ion beam injection could effectively clean the non-spherical impurities between fly ash spheroidal particles by sputtering effect. The exposed spheres increased the specific surface area of fly ash. As shown in Fig. 3d , on the surface of the fly ash there appeared lots of scratches after N + ion beam implantation at 5 keV and 15D 0 . The projecting portion of irradiated fly ash was relatively smooth. Etching effect might mainly exist in the earlier part of nitrogen ion irradiation process, and this process increased the surface area of fly ash. Part of the surface scratches were smoothed by the sputtering effect in the later process. Obviously, it was the reason why the specific surface area of fly ash increased at first and then decreased. 
Composition analysis and discussion
As shown in Fig. 4 , the weight percentage of silicon in fly ash depended on the ascending implantation energy and dose. The analysis result of ICP showed that the mass fraction of silicon increased from 11.19% to 23.64% with ascending implantation energy at 25D 0 . Meanwhile, the mass fraction of silicon increased from 11.19% to 21.87% with ascending implantation dose at 5 keV. Obviously, nitrogen ion implantation could increase the mass fraction of silicon in fly ash. Silicon was the most abundant element in fly ash. The change of silicon content reflected the effects of nitrogen ion beam implantation. As shown in Fig. 5 , fly ash sphere and non-spherical impurities were considered as the target of SEM-EDS. As can be seen from the two EDS spectra [19] , the content of silicon and aluminum in fly ash was significantly higher than that in non-spherical impurities. The reduction of the non-spherical impurities leads to the increase of the content of silicon and aluminum in fly ash after nitrogen ion implantation. 
Nitrogen deposition effect
As shown in Fig. 6 [20, 21] . After N + ion beam implantation at 5 keV and 20D 0 , the peaks of irradiated fly ash had different ranges of decline, especially irradiated by 20 As shown in Fig. 7 , the XPS spectra of fly ash indicated that nitrogen element was almost nonexistent on the surface of the original fly ash. The N1s spectrum reflected the photoelectron effect on the surface of fly ash (5∼10 nm). Nitrogen ion beam irradiation could reach this depth. Therefore, XPS spectra could provide pure and true composition change information of irradiated fly ash [22∼24] . As shown in Fig. 8 , the content of nitrogen element increased significantly after N + ion beam implantation at 5 keV. The number of nitrogen atoms in irradiated fly ash increased with the ascending implantation dose at 5 keV, as presented by XPS. Thus, the nitrogen ion beam could open the chemical bond of Si-O, Si-Al and Al-O, and part of the nitrogen atoms were deposited in the fly ash. On the surface of irradiated fly ash some nitrides were generated after ion beam implantation. These nitrides (such as silicon nitride) might improve the strength of fly ash. Fly ash was ideal concrete admixture, which could improve the performance of concrete. The strength of fly ash could improve the wear resistance and corrosion resistance of concrete. Strong evidence of the formation of nitrides needs further investigation. 
Conclusions
After the calculation of BET surface and SEM observation, it is found that the nitrogen ion implantation can not only etch the surface of the fly ash particles and leave many scratches, but also remove non-spherical impurities with kinds of sputtering and radiolysis effects. Thus, the value of BET surface of fly ash can be improved. The optimized implantation parameters are 5 keV and 15D 0 .
From the results of BET, SEM, EDS, ICP, XPS and FTIR, it is shown that nitrogen ions can break the chemical bonds such as Si-O, Si-Al and Al-O, and then these ions probably replace the oxygen atoms and form nitrides with silicon atoms. It is concluded that the implantation of nitrogen ions into the fly ash is a process with coexisting effects of chemical rearrangements and physical sputtering.
Low energy ion beam implantation as a kind of physical modification method can effectively improve the specific surface area of fly ash. Specific surface area is an important index of absorption ability. Mass deposition, etching and sputtering effects are powerful means of material modification. Therefore, low energy ion beam implantation can serve as a kind of effective modification method widely applicable to other micron materials.
